A magnetic pulse compressor test stand was developed to evaluate the switching and loss properties of magnetic core materials that included ferrite and several alloys of nickel-iron, Metglas, and the nanocrystalline material Vitroperm. The test stand generated 1 − cos͑t͒ voltage pulses across the core under evaluation to simulate the magnetic excitation encountered in pulse compressors. Pulse amplitude and repetition rate were user controlled in order to vary the initial time to saturation while keeping magnetic core temperature constant. Switching losses were calculated directly as ͐͑i͒dt, and an advanced figure of merit was utilized to compare test results. The test stand, data acquisition and analysis, and test results are discussed.
I. INTRODUCTION
Recent advances in nanocrystalline magnetic materials have led to the development of an emerging class of magnetic cores believed to be superior to the conventional magnetic cores employed as saturable switches in magnetic pulse compressors ͑MPCs͒. Nanocrystalline magnetic materials offer a unique combination of high saturation magnetization, high permeability, near zero magnetostriction, and are believed to have superior switching and loss properties compared to conventional materials such as ferrites, amorphous metal alloys, and metallic glass alloys.
1 For these reasons, it is believed that nanocrystalline materials employed as saturable switches in MPCs will improve their efficiency, reliability, and economic feasibility.
Magnetic pulse compressors utilize a chain of saturable switches in series separated by capacitors in parallel to a common ground. 2 Whereas most switched-mode power supply applications are subject to constant dB / dt magnetic excitation due to switched dc voltage, MPC applications utilize resonant charging of the capacitors that results in 1 − cos͑t͒ voltage pulses and hence time-varying dB / dt magnetic excitation of the saturable switches. Unfortunately for the MPC designer, the amount of data and loss models relevant to constant dB / dt applications far exceeds the amount of data and loss models made publicly available in the literature relevant to time-varying dB / dt applications. 1, [3] [4] [5] In order to aid in the design of MPCs, it is therefore desirable to have a database characterizing the switching and loss properties of magnetic core materials analyzed under timevarying dB / dt magnetic excitation. High fidelity core loss data relevant to MPC applications are available for some well-documented magnetic materials such as ferrite and some Metglas alloys; it is necessary, however, to extend the time-varying dB / dt core loss database to include the emerging nanocrystalline materials, as well as verify and add to the current database representing conventional materials such as ferrites, amorphous metal alloys, and metallic glass alloys.
Researchers at the University of Missouri-Columbia ͑UMC͒ in partnership with Cymer, Inc. have developed a magnetic pulse compressor test stand in order to acquire high fidelity magnetic core loss data for a wide variety of conventional and emerging magnetic materials that include ferrite and several alloys of nickel-iron ͑Ni-Fe͒, Metglas, and the nanocrystalline material Vitroperm. The core loss database was analyzed in order to calculate the initial time to magnetic saturation, the switching losses over one saturationdesaturation cycle, and a normalized parameter known as the loss factor used for the relative comparison of switching losses in ferromagnetic cores. Several of the data sets representing the well-documented materials, e.g., ferrite and some Metglas alloys, were compared against the published data in order to insure the accuracy of the test methods. The subsequent results presented in this paper represent a time-varying dB / dt magnetic core loss database to aid in the design of MPCs.
II. DATA ACQUISITION AND ANALYSIS
The test stand used for the experiments, shown in Fig. 1 , was designed to simulate a two-stage magnetic pulse compressor driving a low impedance load.
Once C 0 is charged and the switch is triggered, the magnetic flux density of the magnetic assist core will increase until its saturation point is reached, at which time energy will begin to transfer from C 0 to C 1 . The rate of energy transfer from C 0 to C 1 is governed by the differential circuit equations characterized by C 0 , C 1 , and the saturated inductance of the magnetic assist core. The voltage on the core under evaluation will follow a 1 − cos͑t͒ form until it saturates at which time its voltage rapidly collapses to approximately zero, as described in Fig. 2 . The saturated inductance of the magnetic assist core was designed to be much larger than the saturated inductance of all of the magnetic cores evaluated with the test stand, such that energy is transferred from C 1 to the short circuit load in a faster time scale than that in which C 1 is initially charged, and hence pulse compression is achieved.
For the experiments discussed, the switching frequency of the triggered switch was kept at 5 Hz in order to maintain a constant magnetic core temperature during testing. The core under evaluation was wound with a single-turn primary winding and was reset with a dc current passed axially through the core. High fidelity measurements of the current in the primary winding and the voltage across it were obtained with a Pearson current transformer and a Tektronix high voltage probe, respectively. The charge voltage on C 0 was varied from the minimum value required to saturate the core under evaluation to approximately 1 kV. Consequently, a range of saturation times from 2.5 to 7.0 s was obtained, as the saturation time of a ferromagnetic core is inversely proportional to the integral of the voltage applied to a winding around the core. Definitions for the switching interval and the saturation time of a ferromagnetic core are not well defined in the literature and accordingly it was necessary for UMC and Cymer investigators to define these parameters as described in Fig. 3 . A B-dot probe was employed in order to determine the precise commencement of the presaturation leakage current, as utilized in the definitions of the switching interval and saturation time. A B-dot probe was chosen because it produces a voltage signal proportional to the derivative of the current it measures and hence is highly sensitive to any changes in current and thus a good indicator of the commencement of the presaturation leakage current.
It was necessary to employ a normalized parameter in order to make relative comparisons of the switching losses for the range of magnetic core materials evaluated. A figure of merit known as the loss factor was chosen that normalizes the core loss to the effective core volume and the ⌬B inherent to the magnetic material. 6 The loss factor is written as
where L F is the loss factor, E loss is the energy loss over the switching interval ͓J͔, ⌬B is the available change in flux density ͓T͔, and V eff is the measured core volume multiplied by the packing factor ͓m 3 ͔. The packing factor is defined for a tape-wound magnetic core to be the ratio of the volume of magnetic material to the total core volume. The loss factor itself is not a unitless quantity and the units of its constituents are unimportant as long as they remain the same throughout the comparison process. For the parameter space of the experiments, units were chosen such that the resulting loss factors of the magnetic materials examined would vary approximately from 10 1 to 10 2 . 3 . A sample data set graphically representing the definitions utilized for the switching interval and the saturation time is shown. The switching interval was defined to be the time period from the commencement of the presaturation leakage current to the time at which the current reaches its first zero ͑one full saturation-desaturation cycle͒. The saturation time was defined to be the time period from the commencement of the presaturation leakage current ͑50% of the initial peak value measured by the B-dot probe͒ to the time at which the voltage across the core under evaluation reached its first peak value ͑voltage collapse͒.
FIG. 4. The Metglas materials comparison is shown.
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III. EXPERIMENTAL RESULTS
The data acquired from the test stand and the physical parameters of the core under evaluation were analyzed with a MATLAB script that generated the BH curve, calculated the saturation time, and directly calculated the switching losses as ͐͑i͒dt over the switching interval. Core-to-core comparisons were made utilizing a loss factor vs saturation time graph, where the lowest loss factor at a specific saturation time implies the most efficient performance at those conditions. Three comparison groups will be utilized in the discussion of experimental results. Figures 4 and 5 represent the results for the Metglas materials and the nanocrystalline materials, respectively. Figure 6 is a final results comparison of the two Metglas and nanocrystalline cores having the lowest loss factor over the range of saturation times examined with a selected 50%-50% Ni-Fe, 80%-20% Ni-Fe, and ferrite core from the database of cores examined. Numerous Ni-Fe cores were evaluated with the test stand that included cores with varying material thickness and varying insulation properties; however, only selected data are presented here. Test results not discussed here are discussed in a previous publication from this group. 
IV. DISCUSSION OF RESULTS
For the parameter space of these experiments, the nanocrystalline alloy Vitroperm 500Z had a lower loss factor than all of the other Ni-Fe, ferrite, and Metglas cores evaluated with the test stand. The 80%-20% Ni-Fe core and the Metglas alloy 2714A produced results most similar to those of the nanocrystalline materials. Of the five Metglas cores evaluated, the Metglas alloy 2714A had the lowest loss factor over the range of saturation times examined. The 2714A alloy is cobalt based; the other four Metglas cores examined are all iron-based alloys. The Metglas alloy 2714A and the Ferrite CN-20 core had the fastest saturation times because the saturation flux density of these materials is relatively small compared to that of the other materials evaluated.
V. CONCLUSION AND FUTURE WORK
A time-varying dB / dt core loss database that includes conventional and nanocrystalline magnetic materials is now available to aid in the design of MPCs. The database was acquired experimentally and at low repetition rate and therefore is only valid for the parameter space discussed and for applications in which heating effects due to magnetic core losses are minimized. Future experimental work will include thermal considerations, impulse vs 1 − cos͑t͒ wave forms, and data acquisition at faster saturation times; future theoretical work will include the development of a model to verify the database and extend its results to the nanosecond saturation time regime.
